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ABSTRACT
Nanogap devices have applications in single molecule sensing and single molecule
transistors. Nanogap devices comprised of a gold nanowire with a nanoscale gap containing C60
were fabricated using electromigration on a silicon substrate. Raman spectra were obtained for
various features of this device in order to detect the presence of C6o and study its electronic
properties. The 532 nm laser source showed Raman peaks at 300,522,930-980, 1570, 1900 and
2150 cm' and the 632 nm laser source showed Raman peaks at 300, 522, 930-980, 1460, and
2124 cm'. The device feature (gold, C6o, silicon or combination thereof) responsible these
peaks' presence in Raman spectra was determined. There was peak broadening present at long
wavelengths for gold features in the Raman spectra taken using the 532 nm laser and for spectra
using the 632 nm laser when C60 is present in high concentrations. This is believed to be an
effect of the creation of defects in the C60 lattice due to the presence of oxygen, resulting in
Frenkel excitons becoming trapped. When the Frenkel excitons recombine, they emit light
causing the photoluminescence at longer wavelengths. Peak broadening was also studied in
devices comprised of a gold nanoparticle substrate with C60 spun cast onto the surface. Raman
spectra of nanoparticle and nanogap devices shared similar features.
Thesis Supervisor: Craig Carter
Title: Professor of Materials Science and Engineering
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I. INTRODUCTION
The number of transistors per square inch on an integrated circuit board has doubled
about every year and a half for the past forty years. However, in order to continue with Moore's
Law, new kinds of transistors will need to be developed as the limits of Silicon technology are
reached. The use of a single molecule or atom as a circuit element is the limit of present
technology. Molecular based devices could have several advantages, including lower cost, lower
power dissipation, higher efficiency, ability of self-assembly and recognition, distinct optical and
electronic properties, and synthetic tailoring ability by elaborate choice of geometry and
composition [1]. One of the main obstacles to this technology is the issue of how to integrate
single molecules into circuits. The most promising approach is to use nanogap electrodes which
are comprised of metal nanowires with molecules placed within the nanogap. Nanogap
electrodes are planar, allowing for higher density integration and the underlying substrate to be
used as a gate contact to tune the electrical properties of electrode components. Since nanogap
electrodes can be characterized with either the molecule in place or not, the intrinsic properties of
the molecule can be determined [1].
There has recently been a lot of interest in the combination of nanogap electrodes
containing organic molecules, including small molecules, oligomers, polymers, fllerenes and
biomolecules. These devices could function as switches, rectifiers, memories, transistors and
digital logic circuits with fundamental logic gates. However, there are several challenges to using
nanogap electrodes for these applications, including their controlled manufacture in large
quantity, the precision graft of the desired molecules into the nanogaps, determination of the
number of molecules inserted into a gap, and understanding the charge transport mechanism.
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Additionally, the design of target molecules with the correct energy levels and expected
electronic properties is a large area of research [1].
Transistors that take advantage of the electron transport of quantum dots have been an
increasing area of interest over the last decade. Electron motion through quantum dots is strongly
modified by single-electron charging and energy level quantization. Recent studies have been
moving toward extending this principle using other chemical nanostructures. Park et al reports
the creation of single-C6o transistors [2]. It was shown that there is coupling between the center-
of-mass motion of C6 o and single-electron hopping. This conduction mechanism has been shown
in previous quantum dot studies [2].
In recent years, nanogap electrodes have also been used for sensing applications, having
the ability to probe single molecules in exquisite detail. The chemical and electromagnetic
interactions between molecules and metallic substrates make Raman surface enhanced
spectroscopy (SERS) possible. The choice of a metallic substrate is an important consideration
in SERS single molecule sensing. There have been several different approaches to this, including
metallic nanoparticles and nanostructures created by bottom up patterning and lithography [3].
However, the use of nanogap electrodes allows for the precise fabrication of gaps which can be
tuned in situ. This, along with the additional capability of simultaneous electronic transport
measurements of the nanogap, provides access to information not previously available in
standard SERS [4].
In this study, nanogap devices comprised of gold nanowires strained via electromigration
to create nanogaps were fabricated. C60 was spun onto the device surface prior to nanogap
formation in order to allow C60's self-assembly into the nanogap. Raman spectroscopy was used
5
in an attempt to detect C60 molecules within the nanogap. Device features responsible for certain
peaks within the Raman spectra were determined. Raman spectra were also obtained for devices
comprised of gold nanoparticle substrates with C60 spun coated onto the surface. The Raman
spectra of the nanogap and nanoparticle devices were compared.
Surface Enhanced Raman Spectroscopy
Raman spectroscopy is a spectroscopic technique used to observe vibrational, rotational,
and other low-frequency modes in a system. In Raman, a laser light interacts with the molecular
vibrations, phonons or other excitations of the molecule being studied, resulting in a shift in the
energy of the scattered photons. When the energy of the incoming laser light is not sufficient to
excite electrons from the ground state to the next lowest energy state, the electron will be excited
to a virtual state between these two energy states. The electron will not be able to stay in this
virtual state so it will immediately return to its ground state [5]. If the electron returns to its
previous energy level, then the wavelength of the scattered light will be the same as the laser
source. However, the electron may not necessarily return to its original state, instead going to
another vibrational state, resulting in a shift in the wavelength of the scattered light. The photon
emitted by this process can either be greater than the incident photon, resulting in anti-Stokes
scattering or less than the incident photon, resulting in Stokes scattering [5].
Surface enhanced Raman Spectroscopy is a way to enhance the signal from Raman
spectroscopy, which is in comparison weak. SERS has allowed for single molecules or groups of
molecules bound to a plasmonic surface to be observed and characterized. SERS was discovered
in the 1970s when researchers tried to increase the surface area of an electrode by roughening it.
The SERS effect occurs in the gaps, crevices or sharp features of plasmonic materials, such as
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silver, gold or copper. Light shown on a nano-structured conductor creates the excitation of local
electronic modes, creating a "hot spot" (a large electric field in the nanoscale region which is
dramatically higher than the incident field) [6]. The major mechanism behind SERS is the
electromagnetic enhancement resulting from the amplification of light by the excitation of
localized surface plasmon resonance. Electromagnetic enhancement can reach factors of 1010 to
1011. This can typically be estimated to be the magnitude of the localized electromagnetic field
taken to the fourth power. Chemical enhancement also plays a role in signal enhancement. This
is a result of the excitation wavelength being resonant with the metal-molecule charge transfer
electronic states. Chemical interactions can result in enhancements of a factor up to 103, although
this is highly molecule specific [6]. Overall, SERS is a powerful and non-destructive method for
determining the chemical identify and structure of small molecules.
SERS offers several advantages over single molecule fluorescence, namely decreased
sample bleaching and provision of greater chemical information. Sharma et al developed the
isotopologue approach in order to confirm SERS's ability to detect single molecules. A pair of
molecules with contrasting isotopic vibrational signatures was studied. SERS produced
distinguishable signals even at low concentrations of the molecules [6]. SERS has been
demonstrated using non-resonant molecules, but it has primarily been used to study resonant
dyes [6].
There are several considerations that need to be taken into account when designing a
SERS setup. One major consideration is the enhancing substrate, which can range from nanorods
to three-dimensional colloidal solutions. Enhancing substrates are selected based on their tunable
plasmon resonances and a range of average enhancement factors. The two most widely used
SERS active substrates are metal colloids (especially aggregate colloids) generated by chemical
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methods and electrode surfaces roughened by one or
A)
more electrochemical oxidation-reduction cycles [5].
Silver nanoparticles were used in the earliest
demonstrations of SERS. In these systems, the dipolar
plasmons of two sub-wavelength metal nanoparticles
are excited by light polarized along the interparticle
Figure 1. A) Two subwavelength
axis, resulting in the enhanced electric field (Figure 1) nanoparticles positioned at a distance such
that they are coupled in the optical near
[4]. Large enhancements are observed for Au, Ag and field. B) The optical electric field polarized
along the interparticle axis drives the
Cu nanoparticles. The particle size for enhancement to coupled nanoparticles at the appropriate
resonant frequency. The blue electron is the
occur is between 20 and 300 nm [5]. Another major displacement relative to the ionic
background [4].
subset of substrates in single molecule sensing using
SERS is tip-enhanced Raman spectroscopy. This entails one moveable scanning probe
microscope tip constructed from a plasmonically active metal and another electrode made of a
planar plasmonically active metal film coated at some density with the molecule to be studied.
Tian et al attempted to modify this setup by using flexure-based mechanical break junctions
(nanogaps) as the substrate in order to take advantage of the SERS adjustability and the ease of
optical access and transport capabilities found in planar devices. Reports of this geometry show
enhanced Raman signal, especially when the electrode tips are brought increasingly closer
together [5].
Another consideration in the SERS setup is the wavelength of the incident laser. The
wavelength of the laser used should enable efficient plasmon excitation. Maximum Raman
signals are obtained for plasmon frequencies that are slightly red-shifted as compared to the
wavelength [6]. In several experiments, Au interelectrode gap modes appear to be closer to
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resonance when excited at 785 nm. Changing the excitation wavelength will change the
measured intensity of the SERS if the plasmon mode is excited more efficiently by one
excitation wavelength over the other, but will not change the output polarization of the emitted
SERS. If a certain wavelength is resonant with the absorption spectrum of the specimen, then
surface-enhanced resonance Raman scattering (SERRS) occurs. However, this will not affect the
observed emission pattern since the Plasmon dictates the polarization of the emission [7].
Nanogap Device Formation
The dimensions of the nanogap are very important. Most molecules to be used in devices
will be below 5 nm. The gap should be small enough to allow for interelectrodue tunneling
conductance. On the other hand, if the gap is too small, it would cause the molecule to be tense
and distorted, resulting in unreliable performance. It is therefore necessary to use a fabrication
technique that allows for precise control of the nanogap size. Several methods have been used in
order to achieve this, including mechanical break junctions, electron-beam lithography,
electrochemical plating, electromigration, focused ion beam lithography, shadow mask
evaporation, scanning probe and atomic force microscopy, lithography, on-wire lithography, and
molecular rulers [1]. The mechanical break junction method is widely used to create single
molecule point contacts. Although it is useful for fundamental investigation, it is difficult to
create three or more electrodes and thus cannot be used for highly integrated molecular devices.
When using the mechanical break junction method, a notched metallic nanowire is glued to an
elastic substrate. This substrate serves as the bending beam and is often made of phosphor bronze
because of its flexibility and compatibility with fine electron beam lithography. The center of the
substrate is pushed in its center with a driving rod. This causes the notched wire to break. The
size of the gap is adjusted using a piezoelectric element. In order to create single-molecule
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devices, the molecule is assembled onto the wire prior to the mechanical break process. The
molecule will be present in the mechanical gap and the nanowires can be brought slowly together
until conductance is achieved [1].
Another frequently used technique in making nanogaps is electromigration. In this
process, a large density current is applied to a nanowire, causing electromigration of metal atoms
and the breakage of the nanowire. This process allows for control over the length of the nanogap
and can produce 1 nm sized gaps with high efficiency. This method can be used to construct
large scale circuits because parallel electromigration of nanogaps is possible. This is a result of
the interjection resistance being smaller than the individual junction resistance, allowing for even
power dissipation [1]. However, some research groups have found that 10 to 30% of nanogaps
formed using electromigration contain metal nanoparticles that affect the device's electrical
characteristics, resulting in signals that may be mistaken as belonging to the molecule placed in
the gap. In addition, heating occurs in the metal wires during the electromigration process. This
presents an issue in that molecules used for single molecule electronics are attached to the device
prior to the electromigration process. The heat from the electromigration process could damage
or destroy the molecules [8].
Electronic Structure and Raman Studies of C6o
The application of C60 in transistors requires a comprehensive understanding of its
electronic structure. C60 has a continuously conjugated n-electron system. The non-planarity of
the C60 atom leads to partial rehybridization, resulting in a sp2 278 hybridized state [9]. C6 o
molecules can polymerize to form larger C60 structures by linking together via van der Waals
interactions. There are four possible states of C60: gas phase, simple cubic, quasi-free rotation
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phase (most likely FCC), and close packed hexagonal. The phase determines the electronic
properties of C60 [9]. The experimental and theoretical transport band gaps of C60 vary between
1.43 and 2.35 eV (Figure 2). For C60, it is important to distinguish between the electronic and
optical band gap as a result of the large exciton binding energy. It is possible for an incident
photon to create an exciton, but not have enough energy to separate the electron and hole. The
optical bandgap is the threshold for photons to be absorbed, while the transport gap is the
threshold for creating an electron-hole pair that is not bound together. The optical band gap for
C60 films is between 1.6 and 1.9 eV (Figure 2) [9].
E, eV Conduction mobility edge
:I 08nduction band bottom
0.8 Donor-like state
- -
-"
;; -
Th~ Fermi level
Acceptor-like state
o 6 1.25j
Valence band top
Valence mobility edge
Figure 2. Electronic Structure of C6o thin films [9].
Raman spectroscopy has previously been used to study the electronic and physical
structure of C6o (Figure 3). IR and Raman spectra of bulk C6o confirm its icosahedral structure.
Only a small portion of normal modes are IR active (4 in 174) and 11 bands are observed for the
Raman spectrum [9]. Raman spectra of C6o contains two "breathing" Ag-modes, one related to
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the symmetric oscillations of the molecule at 497 cm'1 and another related to the symmetric
oscillations of pentagons at 1469 cm~1. There is also eight Hg-modes: 270, 433,709, 773, 1103,
1253, 1424, and 1576 cm~1. Garrell et al performed SERS on C60 on a gold substrate, obtaining
22 clearly identifiable bands. In addition to the bands found in bulk C60 , they observed a band at
340 cm~1 that may correspond to the metal molecule vibration. Other bands found in the C60 gold
spectrum not present in bulk C6 0 correspond to the C70 spectrum (C7 0 is predicted to have 53
Raman-active modes, 21 of which have been observed). It has been that emergence of C70 bands
found for C60 gold is a result of C60 having decreased symmetry in the interfacial environment,
causing new modes to become Raman active. The strongest Raman bands for C60 are 1575, 1470,
1428, 774, 496, 437, and 273 cm-' (Figure 3) [9]. For surface enhanced Raman spectroscopy,
these bands have similar intensity but are shifted to a somewhat lower frequency. These
frequency shifts are found for other molecules that have adsorbed to gold. It is believed that
these frequency shifts are result of a change in the electronic structure of the adsorbing molecule
as a result of a donation of the ir electron density to the metal or a back donation from the metal
d orbital to the molecule n* orbital (likely the dominant mechanism in C6 o due to its high electron
affinity). This decreases the length of the C-C bond in the adsorbing molecule, causing a
decrease in the molecular force constants and vibrational frequencies [10].
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Figure 3. Raman spectra of C60 film, photopolymerized Co film, and various polymer phases, including
orthorhombic (0), tetragonal (T), rhombohedral (R), and reombohedral+3d ((.8)R+(.2)3D) [9].
Photoluminescence of the C6o molecules can impact the Raman spectra (Figure 4).
Photoluminescence is a result of the C60 molecule absorbing a photon and reemitting another
photon. In florescence (the most common form of photoluminescence) the emitted light has a
longer wavelength, and therefore lower energy, than the absorbed photon. The
photoluminescence of C60 depends upon its crystal structure. Photoemission peaks are shifted
towards lower energies if the C6o has greater degrees of crystallinity [9]. C60 single crystal
luminescence is believed to be the result of singlet and triplet excitons trapped by crystal defects.
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C6 o molecules on defects create large symmetry violations, causing the oscillator strength of
phonon-free optical transitions to be comparable with the strongest optical transitions assisted by
intra molecular vibrations. The luminescence peak of C60 occurs at 1.68 eV [Figure 4]. This
peak will decrease due to laser illumination but will increase when in the presence of oxygen.
The photoluminescence of C6 0 in the longer wavelength regions is a consequence of a
combination of the intra and inter molecular vibrations. The broadness of the band can be
explained using the model of a self-trapped exciton. A Frenkel generated exciton that stays on
the molecule for longer than the molecular vibration period becomes trapped by the lattice.
When the Frenkel exciton recombines, it emits light and excited intra and inter molecular
vibrations. This accounts for why
the emission is at a lower energy
Pristine film of C60
than the incident photon [9].
Another explanation for the broad
band shift is that some defects such
as oxygen, higher fullerenes and
structural disorder can make the
transition tiu-hu possible. In its
initial state C6o has an upper filled .
200 K
band hu and a lower unfilled band 1.62
tiu which can hold no more than 6 1.51
electrons. Triply degenerate tlu 1.5 1.6 1.7 1.8
E, eV
orbitals take the place of n* orbitals Figure 4. Photoluminescence intensity of C60 films versus
as a result of C-C bond interactions such energy. Photoluminescence is highest 
at 1.68 eV [9].
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as a negative ion reacting with a molecule in the neutral ground state, causing the interaction of
the singly occupied and vacant n* orbital to be in a lower energy transition state [9].
II. EXPERIMENTAL PROCEDURE
Gold Nanogap Substrate Device Fabrication
Nanogap devices (Figure 5) were created by Darin Bellisario (Graduate Student
Researcher Strano Group) using the electromigration device fabrication method. Electron beam
lithography (EBL) was used to form an Au nanowire on an oxide surface. The EBL process was
performed with a 30 kV acceleration voltage and 30 um aperture on a Raith 150 EBL apparatus. PMMA
A4 950 was use as the electron resist in order to pattern the nanowire. PMMA was spun coated onto the
surface such that it had a -250 nm thickness. After development in 1:3 MIBK for 70 seconds, electron
beam evaporation was used to deposit 18 nm of Au. The device was cleaned using an oxygen plasma etch
and contacted in a vacuum probe station of vacuum <10~6 mbar. After cooling to 15K, the
electromigration formation process was carried out. The voltage was increased at a steady rate unless
changes in resistance took place. When the resistance exhibited a percentage rise greater than a threshold
(typically 0.1%), the voltage was decreased to slow the electromigration process (typically 5%
attenuation). The voltage was then increased at a steady ramp and the process was repeated until breakage
occurred. For devices that contain C6o, spin casting of the C60 molecule occurred prior to the
electromigration process in order to allow for Cao self assemble inside the nanogap.
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Figure 5. SEM image (right) and AFM line scan (left) of Au nanowire devices on a silicon oxide substrate. The final
constriction is <100 nm, and the height of the deposited metal is approximately18 nm.
Gold Nanoparticle Substrate Device Fabrication
A silicon wafer with a 300 nm SiO2 surface layer was used as the device substrate. Gold
nanoparticles (100 nm diameter) were either spun casted or drop casted (.5 gL) onto the SiO2
surface. A C60- toluene solution (1 mg/mL) was deposited onto the Au nanoparticle covered
surface. The device was then spun casted to remove extra C6o-toluene solution. Spin casting was
done at 2000 rpm for 1 minute for 5 cycles for both Au nanoparticle and C6o deposition.
Raman Spectroscopy of Devices
Raman spectroscopy of devices was performed using 532 and 632 nm laser sources. In
order to prevent destruction of the device due to laser exposure, neutral density filters were used
in order to attenuate the optical density according to Equation 1.
I = Jo x 10-(1)
Neutral density filter settings of D=.6 was used for the nanogap substrate devices and D=.3 for
the nanoparticle substrate devices. A confocal hole size of 150 pm and a slit width of 1 00pm
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were used. Raman spectra were collected with a 30 second integration time for a total of 2
averages.
Raman spectra were taken at several locations along the nanogap device, including the
silicon substrate, nanogap and Au nanowire. Raman spectra were taken 3 times in each location
in order to eliminate stray readings produced by the detector in some instances. Raman spectra
were taken in a variety of locations for the nanoparticle substrate devices.
Results
A. Nanogap Devices
Raman spectra were taken with 532 and 632 nm laser sources. Overall, the spectra taken
using the 532 nm laser source show a certain degree of peak broadening that is likely a result of
C6 o fluorescence. Spectra taken using the 632 nm laser do not show this same fluorescence effect
due to C60. However, when C60 is present in high concentrations, peak broadening at higher
wavelengths occurs. There are several peaks that are present in the Raman spectra for different
device components. The features that correspond to these peaks are outlined below.
i. Raman Spectra for 532 nm LASER
The major Raman spectra features taken using a 532 nm laser are peaks at 300,522,930-980,
1570, 1900 and 2150 cm', as well as peak broadening at higher wavelengths. Nanogap devices
both with and without C6o were studied. Analysis of the observed peaks are given below, based
on their presence in C60 containing or absent devices and for which nanogap device components
they are appear to correlate with. Representative Raman spectra are presented with the analysis.
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Silicon Related Peaks at 300, 522 and 930-980 cm-1
The use of silicon as the device substrate results in its spectra appearing in all Raman data
taken regardless of laser wavelength. Silicon displays Raman peaks at 300, 522 and 930-980
cm-1. These can be seen in the plots of the Raman spectra of the Silicon substrate (Figure 6) used
both for devices containing and not containing C6o. Based on these plots, it appears that C6 o has
no impact on these peaks. These peaks are present for both the 532 and 632 nm laser Raman
laser source.
A) B)
Silicon: C60 Containing Devices 1000 Silicon: C60 Absent Devices
15000- Si 1 - Si I
-Si 2- Si3
-Si 2 __Si 4
-Si 3 10000- -S
-Si-
EIMo -
00
0-
0 
5 00 0 
1 
2 
2 o 2
Raman Shift (cm~1 ) Raman Shift (=mI )
Figures 6. Raman spectra of silicon substrate of the nanogap devices (a) containing C6o and (b) lacking C6o. Peaks
appear at 300, 522 and 930-980 cm~.
Gold Related Peak at 1570 cm~1
A slight peak appears at 1570 cm~ for gold related device features. Both nanowire and
gold features show this peak (Figure 7) regardless of the presence of C60. It can therefore be
inferred that this peak is related to the gold Raman spectra. It is present when using a 532 nm
laser Raman source, but is not present when using the 632 nm laser Raman source.
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Raman Shift (cm ) Raman Shift (cm )
Figure 7. Ranman spectra of components of a device (a) containing C6o and (b) lacking C6o. There is a small peak at
1570 cm~' for gold components for both devices.
Detector Related Drop Down Peak 1600 cm~1
This peak is a result of the detector switching between the gratings that control the
specific wavelengths from the emitted light from the sample that are allowed into the detector.
The gratings must mechanically shift from one spacing to the next in order to detect each
frequency.
Gold/C6 o Related Peaks at 1900 at 2150 cm~1
Gold related peaks appear at 1900 and 2150 cm~1 for devices that contain C60 and are evident
when a large amount of peak broadening has occurred. Therefore it can be inferred that the
combination of gold and C6o are responsible for this peaks emergence. These peaks are only
present for the 532 nm laser and not the 632 nm laser source.
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C60 Containing Device 400 C60 Containing Device
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Figure 8. Raman spectra of two Cro containing devices. Gold related peaks are present at 1900 and 2150 cmnf and
are most obvious for spectra with a large degree of peak broadening.
Peak Broadening at Long Wavelengths
Devices that contain C6o show peak broadening at longer wavelengths. Although this
does have a slight effect on devices that do not contain C60, is it dramatically less apparent. As a
result, it can be inferred that this is a result of the combination of gold and C6o. This same effect
is not seen for the Raman spectra taken using 632 nm laser source unless C60 is present in very
large concentrations.
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A) C60 Containing Device B) C60 Absent Device
~sooo 
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Figure 9. Raman spectra for (a) a device containing C60 and (b) a device lacking C6o. The device that contains C60
has a large degree of peak broadening. This same broadening is not seen in the device that lacks C60.
ii. Rama Spectra for 632 nn LASER
The major Raman spectra features taken using a 632 nm LASER are peaks at 300, 522, 930-
980, 1460, and 2124 cm~1 as well as peak broadening for device features that contain a large
concentration of C6o. Analysis of peaks and representative Raman spectra are given below.
Silicon Related Peaks at 300, 522 and 930-980 cm~1
Similar to Raman spectra taken using the 532 nm laser, peaks occur at 300, 522 and 930-
980 cm~1 due to the silicon substrate. These peaks can be seen in the Raman spectra for silicon
substrates for various devices given in Figure 10.
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Silicon: C60 Containing Devices
1400 -
-Si 1
- Si 2
1200 
- i- Si 3
1000--1
6Wo -- S-
4 00-C
0 50 1000 15O 20o 2500 3000 3500 4000
Raman Shift (cm-)
Figure 10. Raman spectra of silicon substrates of nanogap devices. Peaks are observes at 300, 522 and 930-980 cm.
Detector Related Drop Down Peaks at 2124 cm~1
Similar to the drop down peak found at 1600 cm~1 for the 532 nm laser source, the peak at
2124 cm~' is a result of the detector switching between the gratings that control the specific
wavelengths from the emitted light from the sample that are allowed into the detector.
Gold/C6 . Related Peak at 1460 cm-1
A peak at 1460 cm~1 is present for device features that contain both gold and C6o. The
emergence of this peak is contingent upon a large amount of peak broadening. It is seen in
devices where there is a large quantity of C6o. This peak is only seen in Raman spectra taken
using the 632 nm laser source and not the 532 nm laser source.
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3000
28o - Au 1-2
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Figure 11. (Left) Raman spectra of different components of a single device. There is a slight peak that emerges at
1460 cm' for device features that contain gold and C60. (Right) Image of the device taken with an optical
microscope. The blue surface features are C60. Areas where C6(o overlaps the gold nanowire (pink color) produce the
Raman spectra that contain the 1460 cm~lpeak.
Peak Broadening at Longer Wavelengths
Peak broadening at longer wavelengths (centered around 2100 cm-') is observed in
devices with a large amount of visible C6o. This effect seems to be largely concentration
dependent, as it is not present in all devices even when there is some amount of visible C6 o.
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Figure 12) (Top Left) Raman spectra of a device containing C60 . There is a large degree of peak broadening at
longer wavelengths. (Top Right) Optical Microscope image of device whose Raman spectra are given to the left.
Large quantities of C6o overlay the gold nanowire. (Bottom Left) Raman spectra of another device containing C60 .
Peak broadening does not occur at longer wavelengths. (Bottom Right) Optical microscope image of the device
whose Raman spectra is given to the left. C60 is present but not in as high of concentration as the device given
above.
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B. Nanoparticle Devices
Raman spectra was taken using 532 and 632 nm Raman laser sources for both spun and drop
casted nanoparticle substrate devices. The presence of definite features (Figure 13) does not
occur in nanoparticle devices as it did in the nanogap devices. This makes it difficult to
determine the exact cause of certain Raman peaks. However, peaks found for nanoparticle
substrate device Raman spectra are similar to those obtained for the nanogap devices.
Figure 13. Optical light microscope images of nanoparticle devices. Image A is drop casted C6 on Au nanoparticle
substrate and Image B is spun casted Co on Au nanoparticle substrate. The concentration of Co (appears blue) is
greater for drop casted devices than for spun casted devices.
i. Raman Spectra for 532 nm LASER
The Raman spectra using the 532 nm laser source displays peaks at 522, 930-980, 1460,
1570, 1900 and 2150 cm~1. All of these peaks except 1460 cm-1 are present in the Raman spectra
of nanogap devices. From the nanogap devices, it was determined that the 522 and 930-980
peaks are related to the Silicon substrate. The 1570 cm~1 is a gold related peak and the 1900 and
2150 cm~1 peaks are gold/C6 o related peaks. There is peak broadening for some locations, but the
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532 nm laser source does not seem to have the overall peak broadening effect for all device
locations as it did in the nanogap devices.
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Figure 14. Raman spectra of
drop casted nanoparticle
substrate device. Peaks occur at
522, 930-980, 1460, 1570,
1900 and 2150 cm'. Peak
broadening is present for one
device location.
Figure 15. Raman spectra of
spun casted nanoparticle
substrate device. Peaks are
present at 522, 930-980, 1460,
1570 and 2150 cm-'. There is a
slight amount of peak
broadening.
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ii. Raman Spectra for 632 nm LASER
The Raman spectra taken using the 632 nm laser source display peaks at 300, 522 and 1450
cm~1. These peaks are also present in the Raman spectra of nanogap devices. The 300 and 522
cm1I peaks are a result of the Silicon substrate. The 1450 cm-1 peak is related to the presence of
gold and C6o. Peak broadening is present for both spun and drop casted devices, but displays
greater enhancement for the drop casted devices. This may be a result of greater C60
concentration in these devices. There is a larger degree of enhancement for peak broadening
compared to the Raman spectra taken using the 532 nm laser source.
Figure 16. Raman spectra of drop casted
Drop Casted Device nanoparticle substrate device. Peaks are
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Spun Casted Device Figure 17. Raman spectra of spun
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IH. Discussion
The Raman spectra collected from the nanogap and nanoparticle devices has several peaks in
common with literature. Literature reports that the strongest Raman active peaks occur at 1575,
1470, 1428, 774, 496, 437 and 273 cm~l. The Raman spectra for the nanogap devices collected
using the 532 nm laser shows a gold related peak at 1570 cm~1. It may be that this peak is also
C6o related and corresponds to the 1575 cm~1 peak reported in literature. The Raman spectra
collected for the nanogap devices using the 632 nm laser shows a gold/C6o related peak at 1460
which may correspond to the 1470 cm-1 peak reported in literature. The shift could be a result of
C6o interactions with the gold substrate. In both the 632 and 532 nim laser source Raman spectra,
there is silicon related peaks at 300 and 522 cm-1. The large Raman signals from the silicon
substrate may be over shadowing any C6o Raman signal collected at similar wavelengths. There
may be C6o related peaks at 273, and 496 cm-1 but it would be difficult to distinguish them from
the silicon Raman peaks. Literature does not report Raman peaks that occur at higher
wavelengths (such as the 2150 and 1900 cm~' found for devices using the 532 am laser). It is
likely that the large degree of peak broadening found at longer wavelengths is a result of
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fluorescence. Device testing took place in an oxygen atmosphere, which could have created
defects that would trap excitons. When a Frenkel exciton that has been trapped by the lattice is
allowed to recombine, it excites inter and intra molecular vibrations. These occur at lower
energies than the incident photon, which could explain why peak broadening is occurring at
higher wavelengths. In future studies, the devices and Raman spectrometry should be carried out
in vacuum to prevent the formation of defects due to oxygen. The absence of peak broadening
could allow for a more accurate collection of Raman peaks, allowing the electronic structure of
C6 o to be studied more accurately.
SERS enhancement did not seem to occur within the nanogap of the nanogap devices. It was
predicted that there would be enhancement as a result of the plasmonic resonance between the
gold molecules on either side of the nanogap. The absence of SERS enhancement could be a
result of the Raman spectrometer having too large of a spot size. Other Raman spectrometers
could be used which would have a smaller spot size, possibly allowing for single molecule
detection within the nanogap.
There does appear to be SERS enhancement for some Raman spectra collected in various
locations in the nanogap and nanoparticle substrate devices. In the nanogap devices, these
locations all contain the gold nanowire. The surface of the nanowire could be rough, which
would create the plasmonic surface that is necessary for SERS enhancement. This was tested by
creating the nanoparticle substrate devices in order to determine if similar Raman spectra were
collected. Raman spectra collected from the nanogap and nanoparticle devices displayed peaks
in the same or similar locations. They also both display peak broadening at longer wavelengths
which is especially present when C60 is present in high concentrations.
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IV. Conclusions
Nanogap devices containing C60 were fabricated using electromigration. Raman spectroscopy
was performed on these devices in an attempt to detect the presence of C60 within the nanogap.
Raman spectra displayed several peaks in common with what is reported in literature. Raman
spectra for device locations with a large amount of C6o display a large amount of peak
broadening. This occurs as a result of the oxygen creating defects within the C60 lattice and
trapping excitons. SERS enhancement, although not present within the nanogap, is present for
Raman spectra collected from gold nanowires. It is likely that the nanowire surface is creating
plasmonic resonance. Devices composed of gold nanoparticle substrates were fabricated in order
to compare the Raman spectra with the nanowire device. Raman spectra for the different
substrate types show similar peaks and peak broadening at longer wavelengths. Future work
would require the fabrication and collection of Raman spectra in a vacuum. This should prevent
oxygen from creating defects and eliminate peak broadening. This could allow for a more
accurate collection of Raman peaks for C60 in nanogap devices, allowing their electronic
structure to be understood.
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